Abstract Introduction: It is well known that Parkinson's disease is related to a deficit of dopamine (DA) in the region of the brain called the corpus striatum. The aim of this work is to demonstrate the possibility of in vitro closedloop control of the DA concentration levels. Methods: By applying the electrochemical technique of fast scan cyclic voltammetry (FSCV), the measured values were compared with previously selected ones, and the system made decisions to control infusion pumps by dynamically adjusting the DA concentration in a continuous flow injection cell. Low-cost hardware was used for the acquisition and control signals (Arduino board), whereas for processing the collected data, graphical programming software (LabView) was used. Results: The resolution of the system was approximately 0.4 µmol/L, with a time correction of the concentration adjustable between 1 and 90 seconds. The system allowed control of the DA concentration between 1 and 10 µmol/L with an error of approximately +/-0.8 µmol/L. Conclusion: Although designed to control the DA concentration, the system could be used to control, within the range of the developed FSCV, the concentration of other substances or to turn on brain stimulators. These results encourage the possibility of using the system in clinical studies (in vivo).
Introduction
Parkinson's disease (PD) is the second most prevalent neurodegenerative disease that affects nearly 0.5% of the population older than 60 years (Wirdefeldt et al., 2011) . PD is characterized by cognitive and motor deficits including akinesia (difficulty to initiate movements). These deficits appear after the degeneration of more than 70% of the neurons of the substantia nigra pars compacta that release the neurotransmitter dopamine (DA) in the corpus striatum (Schapira and Jenner, 2011) . Currently, no treatment is known to cure or halt PD; however, the motor symptoms improve with DA replacement (medication) and deep brain stimulation (DBS) of the subthalamic nucleus (Kalia et al., 2013; Rascol et al., 2011) . In fact, medication infusion by subcutaneous or duodenal pumps has been used in recent studies (Volkmann et al., 2013) .
There are several electrochemical techniques available to determine neurotransmitter concentrations. Specifically, fast scan cyclic voltammetry (FSCV) is extensively used nowadays. It consists of measuring the reduction and oxidation (REDOX) of a given electroactive species close of the surface of a working electrode at which a time-varying voltage waveform is applied. For instance, oxidation of DA, which produces the maximum current (which is proportional to the DA concentration), occurs at approximately 700 mV. The popularity of FSCV is likely due to the development of electronic devices such as operational amplifiers (OA) and microcontrollers with fast and high-resolution analog-to-digital converters (ADC) and digital-to-analog (DAC) modules. However, FSCV is a very useful technique for detecting rapid changes in the DA concentration, which is one of the most analyzed neurotransmitters (Garris et al., 2004; Kagohashi et al., 2008; Shon et al., 2010; Takmakov et al., 2011) . The method can be used to detect changes in the DA concentration that occur naturally or artificially due to stimuli such as lights, drugs, chemicals, neurostimulation, sounds, and interaction with other animals, among others (Robinson et al., 2003) . FSCV has been used in clinical studies, in animal neuropsychology studies and in behavioral neurophysiology laboratories. The determination of the neurotransmitter concentration allows the medical doctor or the researcher to deliver the appropriate amount of drug or stimulus and evaluate the effects of these actions, thus making the so-called "human-in-the-loop" (HITL) control. However, the HITL technique is not adequate for long-term control of the neurotransmitter concentration.
Volume 31, Number 1, p. [26] [27] [28] [29] [30] [31] [32] 2015 There are several approaches in the literature that aim to develop closed-loop automatic systems to control PD symptoms (Basu et al., 2011; Chen et al., 2013; Kimble et al., 2009; Lee et al., 2010; Poustinchi and Musallam, 2014; Rotenberg et al., 2008; Stanslaski et al., 2009; . However, few of these approaches use the direct evaluation of the DA concentration to control drug delivery or to turn on a stimulator. For instance, Poustinchi and Musallam described the in vitro test of a system that used the DA concentration level, measured by FSCV, to control the delivery of a glial cell line-derived neurotrophic factor (Grondin and Gash, 1998; Poustinchi and Musallam, 2014) . Kimble et al. (2009) mentioned the possibility of turning on a DBS using the neurotransmitter concentration sensing system they developed.
The main objective of this study is to demonstrate the possibility of in vitro closed-loop control of the DA concentration. To achieve this goal, the FSCV technique was used to measure the DA concentration in a continuous flow injection (CFI) cell. The measured value was then compared with a previously selected value (between 1 and 10 µmol/L), and the system made decisions to control infusion pumps to dynamically adjust the DA concentration in the CFI cell. The physiological basal level concentration of dopamine is 10 nmol, with peaks of 1 micromol when dopaminergic neurons are triggered. Concentrations between 1 and 10 micromol were used in this system, which are in value above physiological peaks that provide higher immunity to noise that can interfere with the measurements. The system had the flexibility to control, within the range of the developed FSCV, the concentration of other substances, including other neurotransmitters, or to turn on transmagnetic stimulator (TMS) or DBS devices (Araujo and Abatti, 2012; Araujo et al., 2014) .
Methods
The closed-loop control system developed is presented in Figure 1 .
FSCV Hardware
The FSCV was performed by a microcontroller that generated the signals applied to a carbon fiber microelectrode (CFM). Specifically, a triangular voltage waveform from -0.4 to 1.0 V was used for each 9-ms cycle during, whereas the DA oxidation and reduction (REDOX) currents were registered by the device. The analog signal from the CFM resulting from REDOX consisted of a nanoampere current, which was amplified by an OA (OPA 2340, Burr-Brown, Dallas, TX, USA) acting as current-to-voltage converter. The triangular signal itself was derived from the ADC (12 bits) of the Arduino board DUE (MCU 1) using a Microcontroller ARM Cortex-M3 32-bit SAM3x8E (Atmel) with a 84 MHz clock, applied in two OAs, such that the triangular signal was subtracted from the recorded signal using the INA 2132 (Burr-Brown). Then, the signal was converted in the 12-bit ADC module of the microcontroller, which was programmed in the C language. The digitized signal was sent to the microcontroller serial communication module that was connected to a wireless communication circuit (LMX9830, Texas Instruments, Bluetooth technology), as shown in Figure 2 . The signals were captured by a dongle module on a desktop computer where the data were stored and processed (Araujo et al., 2014) . The hardware was mounted in a plastic box, and a photo of the setup and the location of the experiments is shown in Figure 3 .
Software for data acquisition
The data acquisition through serial communication allowed the user to configure the communication speed, baud rate, port number and other parameters. A "Pattern Detection Function" (LabView) was used to select the current values transmitted and the indexed reading number (121 readings were performed per period). The frequency of voltammetry was approximately 3 Hz, and the data were saved into a file every 15 seconds. Most of the measured electric current was due to the capacitive characteristics of the CFM. This current, called the background current, could be stored at any instant of time and was removed from the raw data each reading.
Closed-loop control mode
A button enabled the system to operate in the closed-loop control mode (Figure 4) . The measured values were compared with selected values, and the system made decisions to adjust the infusion pumps flow rates in order to dynamically control the DA concentration. Optionally, light, sound, DBS and TMS could be selected to act independently or in a "multi-stimuli" mode, instead of the infusion pumps. In addition, the system had a slider to select the REDOX potential of interest and maximum and minimum concentration alarms. Digital graphics showed the discrete events.
Infusion pumps
Two infusion pumps were used with 30-ml syringes, one with saline solution (0.9% NaCl) and another containing DA (10 µmol/L). Table 1 shows the calibrated flow rates of the infusion pumps.
The flow rate of each pump was controlled by a microcontroller (MCU3 and MCU4) connected to a current drive to control the step motors of the infusion pumps (Insight, Brazil). Via Bluetooth, the command to increase or decrease the flow rate came from the computer (LabView) and then was sent by MCU 1, which communicated with MCU 2 through serial wiring. Communication between MCU 2 and MCU 3 was performed using an infrared link to ensure that the pumps did not introduce any noise to the measured signal. Note that the CFI cell was mounted inside a Faraday cage that is an enclosure formed by a grid of copper to block external static and non-static electric fields (see Figure 3) . Figure 5 shows the main parts of the graphical programming, including the control mode (A), response time adjustment (B), infusion pumps command (C), output concentration chart (D), and the comparator (E).
Results

Measurements of different DA concentrations
The system was calibrated using DA solutions with known concentrations (1, 5 and 10 µmol/L). The background current in the experiments was approximately 80 nA, which was withdrawn by the data acquisition software, resulting, for instance, in an oxidation current of approximately 1 nA at a DA concentration of 1 µmol/L. The working range of the developed system was selected to be between 1 and 10 µmol/L, mainly due to the background noise and the hydraulic conditions of the CFI cell. Figure 6 shows the graph for two different DA concentrations during manual system procedure . The graphical user interface (GUI), where in A, the user selects the manual (manu) or closed-loop control (auto) using a button, and in B, the user selects the oxidation current using a slider. Also in B, the selected (white line) and measured (red line) concentration values are displayed. Note that just above A there is a "string to write", which the researcher can use to turn on stimulators such as a DBS or a TMS. ( Figure 1) . Initially, the saline solution filled the CFI cell. Then, alternately during 90 s (30 s each phase; due to the developed CFI cell hydraulic conditions, approximately 30 s is the time to completely replace the solution inside it by gravity) the CFI cell was filled with the DA solution (1 µmol/L), the saline solution, the DA solution (5 µmol/L), and finally with the saline solution again. Figure 7 shows, in a sequence of images, an experiment where, starting at 5 µmol/L, the DA concentration was automatically adjusted to 7 µmol/L. The white line indicates the selected DA concentration, and the red line indicates the measured one. The system performed 3 measurements per second and sent control signals to the infusion pumps to adjust the DA concentration inside the CFI cell. Note that the concentration was dynamically controlled (7 +/-0.8 µmol/L) with a period of approximately 80 s. Finally, because FSCV is usually presented using three-dimensional graphs (time versus voltage with the current shown in a color scale) [6] [7] [8] [9] [10] , the system was designed to display the measured data using such a plot configuration. Figure 9 shows the system response, in a three-dimensional plot, for values with a DA concentration of 4 µmol/L.
Closed-loop control
Discussion
The strategy in this system was to use the oxidation current that has its maximum characteristic value occurring at 700 mV for dopamine. The system had the flexibility to allow for measurements of currents at any voltage value within the range of FSCV, which also allowed searching for the characteristic peaks of other substances and neurotransmitters.
A closed-loop system to dynamically control DA the concentration inside a CFI cell has been described. The developed system allowed the DA concentration level to be selected between 1 and 10 µmol/L, controlling it within a +/-0.8 µmol/L range with an oscillation period of approximately 80 s, after which the system stabilized. The system resolution was approximately 0.4 µmol/L for dopamine solutions. However, if necessary, the resolution can be increased by changing the gain of the OA currentto-voltage converter shown in the front-end analog board (Figure 2) .
Although designed to control the DA concentration, the system can be used to control, within the range of the developed FSCV, the concentration of other substances or to turn on brain stimulators. The aims of this work were to develop an electrochemical system, a flexible software and a low-cost hardware to demonstrate the possibility of using of several types of stimuli to change the neurotransmitter concentrations in the brain. The classical approach with a controller (a sensor and an actuator) could be used in these types of problem. The results until now indicated that the system could be used in clinical studies (in vivo experiments).
